INTRODUCTION
We have found experimentally that high-purity Ge low-energy X-ray detectors have a relatively thick entrance window which renders them practically useless below -2.3 KeV. A simple X-ray fluorescence experiment establishes clearly that the window is physically in the Ge material itself. Experiments with detectors made from different Ge crystals, and with Schottky barrier contacts of different metals indicate that the effect is due to a basic property of the transport of electrons near a surface. Theoretical considerations and a Monte Carlo calculation show that the window is caused by the escape of warm electrons which are the end product of a photo event. The mean free path of the electrons becomes longer as they lose energy by optical phonon collisions and they can be trapped at the surface before they are picked up by the electric field. It is clear that Ge detectors could have a significant role in the detection of X-rays with energies below the Ka edge of Ge (9.88 KeV) . The lower value of e (i.e. the energy needed to create an e-h pair) of Ge may result in a 28% reduction in energy equivalent electronic Noise Line Width (NLW) with respect to Si. Additional benefits may be obtained from the low Fano factor of high-purity Ge. The techniques needed to fabricate very low-leakage Ge detectors (< 4 x 10-14 A) have been discussed in Ref. 1. Although the performance of test detectors with Mn X-rays (5.89 KeV) results in peak-to-background ratios which compare well with good Si detectors, considerable degradation of spectral line shapes has been observed by us with X-rays at energies below -2.3 KeV (i.e. S Ka)
Figure 1 (bottom) shows spectra obtained by X-ray fluorescence of S, P, Si, Al and Mg targets using a spectrometer having a n-type Ge detector made from a ENERGY Fig. 1 . Experimentally observed spectra of low-energy photons obtained by X-ray fluorescence using an n-type high-purity Ge Detector. Notice improvement of spectral shape when the incident photons have energy just below the Ge LI, and LI,, absorption edges. Upon careful examination of the problem, it becomes evident that although the use of a simple diffusion model for the understanding of window behavior may meet with some limited success, it neglects some rather important facts. When a lowenergy photoelectric event occurs, a cascade of electrons and holes is generated within a region which is thin compared to typical window dimensions (since the range of a 1.4 KeV electron in Ge is 0.04 ,um, this distance represents the worse case of any direct cascade layer thickness). The cascade ends with a number of e-h pairs whose average number is well known. The energy distribution of the final electrons in the cascade is not known in detail, but it may range from near zero energy to the minimum energy needed to ionize an e-h pair, somewhat above Eg. These electrons may be occupying the customary <111> valleys, or the higher energy <100> or <000> valleys.
As will be shown below, it is primarily the escape of 'warm' electrons (300 to 400K average) that results in the window effects observed. These electrons have mean free paths of -0.3 lim before lattice collisions, a distance comparable to the size of the observed window. Evidently, the motion of these electrons cannot be described well by the concept of diffusion since they may escape without a single collision if their energy after the shower is right. Also, in the use of Eq. (2) to define the diffusion coefficient, the use of lattice temperature for T and low-field mobility for p does not, in principle, describe properly the behavior of epithermal electrons.
In this paper a more appropriate picture of the nature of the window will be given in terms of the transport properties of hot electrons, a Monte Carlo calculation of collection probabilities and spectral shapes will be described and a tentative prediction of the electron energy distribution after the primary shower will be given.
Qualitative Window Model
In trying to study the behavior of single electrons which are heated by an electric field and which are interacting with a lattice at temperature T it is useful to think of the electron as the 'average' electron in a distribution of electrons at a temperature Te, which may deviate from Maxwellian. The average energy of electrons travelling in high electric fields has been calculated for T = 27K by Fawcett With the above assumption, window effects would be due to the fact that the majority of electrons at the end of the shower are too hot to be collected by the field and as they cool down their mean free path becomes longer and a number of them escape to the surface sink. One can expect the window width to be comparable to the mean free path for 'warm' electrons, as observed in practice.
The window thickness predicted by the present model appears to be practically independent of temperature (considering Eq. (3)), as long as the electrons are in a velocity saturation field. Since vsat is fairly independent of temperature, p is also independent of temperature. Also, Te is equally expected not to be very sensitive to lattice temperature for hot electrons. With regard to field dependence of window thickness, it is clear that higher field will result in a higher average energy for most electrons, a shorter mean free path and narrower window. In high-purity Ge detectors even with an inversion layer under the Schottky barrier, fields are too low to modify substantially the window width. The same effect is expected from Li-drifted Si detectors, although surface barrier detectors made on lowresistivity material can have the substantially lowered window thickness reported in Refs. 3 Fig. 3 are emitted at a distance x from the surface barrier. They travel initially at the velocity corresponding to their energy in a random direction. The x component of their trajectories is followed through all their collisions. If an electron reaches x = 0, it is considered lost. If it reaches x = 1 pm it is considered effectively collected by the field. The number of electrons collected out of the 200 emitted is tallied in a 200 channel 'analyzer'. The operation is repeated enough number of times to obtain a reasonable distribution. From 50 to 250 repetitions have been used for the results reported here, depending on the value of the initial x. Figure 6 shows the calculated results in the form of normalized spectra of the number of electrons collected in a device with bulk field El = 100 V/mm as a function of position x of the point of emission beneath the surface. The figure shows that for electron showers generated adjacent to the surface (x = 0), approximately 21 out of 200 electrons are collected in the average. For emission at x = 0.5 pm, most of the time 165 electrons are collected, while it is not until x = 0.75 pm that one has nearly full collection. Realizing that the number of collected electrons is proportional to energy in a conventional pulse-height spectrum, the formation of a pulse-height spectrum for a particular source of X-rays is just a matter of evaluating the expression I p(x = xi) exp(-p xi) Ax 
where p(x = xi) is the distribution shown in Fig. 6 for electrons emitted at x = xi and p is the absorption coefficient for the X-ray. With suitable normalization and after a convolution with a gaussian of 200 eV FWHM to simulate detector and electronic noise, calculated spectra for the same X-ray sources as those of the experimental spectra of Fig. 1 Those electrons cannot be hot enough to be insensitive to the field in contrast to the ones which start too hot and can only be collected by the field after they cool down. The average energy of the electrons which are trapped at the Schottky barrier (x = 0) for the uniform energy distribution, and-Uniform to 0.14 eV, as a function of point of generation is shown in Fig. 9 . It appears that fairly hot electrons, above Te = 300K (see Table 1 Because of the very high fields that would be needed to significantly reduce or eliminate the excessive window, the use of Ge for a low-energy X-ray detector does not seem possible. It should be pointed out that a similar effect to the one observed in Ge also exists in Si(Li) detectors. A window of -0.15 pm has been measured by the authors by the same procedure described at the beginning of the paper. Again, the window seemed to almost disappear for Si X-rays, indicating the same basic nature of the effect. This window thickness is similar to the one observed by Siffert4 in high resistivity Si. Fortunately, the absorption coefficient of Si is so much smaller than that of Ge that a window of -0.15 pm is not nearly as damaging in Si as 0.4 pm is to Ge, and Si detectors are very useful as lowenergy X-ray detectors.
